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Abstract:

We present observations of asteroid 21 Lutetia collected 2003-2008 using the
SpeX instrument on the NASA Infrared Telescope Facility (IRTF) covering 2-4 pm.
We also reevaluate NSFCam observations obtained in 1996 (Rivkin et al. 2000).
Taken together, these show deeper 3-um band depths (of order 3-5%) in the
southern hemisphere of Lutetia, and shallower band depths (of order 2% or less) in
the north. Such variation is consistent with observations at shorter wavelength by
previous workers (Nedelcu et al. 2007, Lazzarin et al. 2010), who observed
hemispheric-level variations from C-like spectra to X-like spectra.

While the shallowness of absorption bands on Lutetia hinders identification of
its surface composition, goethite appears plausible as a constituent in its southern
hemisphere (Beck et al. 2010). Mathematical models of space weathered goethite
are most consistent with Lutetia’s southern hemisphere spectrum, but more work

and further observations are necessary to confirm this suggestion.



1. Introduction and Motivation

In 2004, the asteroids 21 Lutetia and 2867 Steins were selected for an encounter
with the European Space Agency’s Rosetta spacecraft. Barucci et al. (2005) reviews
what was known of Lutetia, Steins, and the other candidate objects and the
reasoning for choosing these objects. Earth-based observations of Lutetia have
returned a confusing picture of the asteroid. It was assigned to the M class by
Tholen (1984) based on its Eight Color Asteroid Survey (ECAS) spectrum. This class
was largely associated with metallic objects at the time, and Lutetia was thus
expected to have a metallic surface or perhaps an enstatite chondrite composition
(Gaffey et al. 1989). Expanded spectral coverage (to 2.5 pm) by the 52-color survey
led Howell et al. (1994) to perform a neural-net based classification. Lutetia showed
some affinity to the C asteroids in this dataset (specifically the Cv subgroup, which
includes 13 Egeria among others), but its high IRAS albedo (0.221, Tedesco et al.
1992) led Howell et al. to reject the Cv assignment and classify it only as M. Spitzer
Space Telescope observations by Barucci et al. (2008) found Lutetia’s 5-38 um
spectra to be most consistent with CO3 and CV3 carbonaceous chondrite meteorites.
Observations by Bus and Binzel (2002a) led to an Xk classification in the Bus
system, and increasing the long-wavelength end of the higher-resolution data to 2.5
um results in a Xc classification in the Bus-DeMeo system (DeMeo et al. 2009).
Rivkin et al. (2000) included Lutetia in their W class, defined as M asteroids with 3-
um absorptions (see below). Further discussion of these classifications in light of

possible variation on Lutetia’s surface is presented in Section 4.1.



Rivkin et al. (2000) presented spectrophotometric observations of Lutetia in the
1.5-3.5 pm region, finding it to have a band depth of 6.2 +/- 4.3% at 2.95 um relative
to an extrapolated continuum. This was interpreted as evidence for hydrated
minerals and against an iron meteorite-like composition. Birlan et al. (2006) found
only a shallow absorption in the 3 um region, and no band near 3.1 pm. They
suggested Lutetia’s spectrum was at least qualitatively similar to that of the CV/CO
meteorites.

Non-spectral information also has pointed away from a metallic composition for
Lutetia: experiments by Magri et al. (1999) found a radar albedo consistent with C
and S asteroids and lower than expected for high-metal objects like 216 Kleopatra.
Shepard et al. (2008), using radar CW and delay-Doppler imaging observations
confirmed the reported radar albedo and placed significant constraints on Lutetia’s
size. Both sets of observations (Oct, 1985 and Oct 2004) had sub-radar latitudes
within a few degrees of Lutetia’s south pole. Using an empirical radar model,
Shepard et al. (2010) suggested that Lutetia’s regolith contains more metal than
ordinary or carbonaceous chondrites and suggested enstatite chondrites (EH) or
exotic carbonaceous chondrites (e.g. CH/CB) as better analogs. Lupishko and
Belskaya (1989) concluded that Lutetia (and other M asteroids) had a surface that is
“not purely metallic” with “considerable silicate components”. The albedo of Lutetia
has been surprisingly difficult to pin down. Lamy etal. (2010) reviewed the
situation, arguing that its geometric albedo is either 0.13 or 0.18, depending on the
assumed phase function, and that discrepancies in the literature can be reconciled

with one another if one accounts for the differing phase functions.



Rosetta encountered Lutetia in July 2010, with a flyby distance of roughly 3100
km. In anticipation of the release of those data and their interpretation, we collect
hitherto unpublished observations of Lutetia in the 2-4 pm spectral region and

reconsider the interpretation of Rivkin et al. (2000) in light of those observations.

2. Observations and Data Reduction:

Lutetia was observed on three separate occasions using the SpeX instrument in
LXD (long-wavelength cross-dispersed) mode on the NASA Infrared Telescope
Facility (IRTF), in 2003, 2007, and 2008. LXD mode covers the 1.9-4.2 pm spectral
region with five overlapping orders, here we concentrate only on the 2.2-4.0 pm
portion, omitting the shortest-wavelength order. The overlaps occur in the 2.54-
2.73 pm, 2.96-3.12 um, and 3.55-3.64 pum regions, and fine structure observed in
those wavelength ranges is usually due to imperfect calibration at the edges of these
orders.

Table 1 shows the observational circumstances including standard stars used on
each night and the total integration time on Lutetia. Each exposure was 15 seconds,
though the number of co-adds before a beam switch varied from 1-4.

Data reduction was conducted with the Spextool package of IDL routines,
provided by the IRTF (Cushing et al. 2003). After the spectral extraction, a second
set of IDL routines was used to fit and remove the signature of the Earth’s
atmosphere. This procedure has been used in several published works in both the

1-2.5 ym and 2-4 pm regions (Volquardsen et al. 2007, Binzel et al. 2009, Rivkin and



Emery 2010). One of the parameters of the atmospheric model is the best-fit value
of the precipitable water (PW). The average values during each observation (0.97 £
0.03 and 2.74 £ 0.15 in 2007 and 2008 respectively) are good matches to the values
of PW calculated using the 225 GHz observations accumulated by the Caltech
Submillimeter Observatory (CSO)! over the course of those same nights (0.97 £ 0.13
and 2.39 + 0.31 for the times bracketing the LXD observations). Unfortunately, 225
GHz observations are not available for PW comparison for 2 March 2003. As with
the order overlap mentioned above, imperfect atmospheric correction can cause
apparent high-frequency spectral structure.

The temperatures of main belt asteroids are sufficiently high that the longest
wavelengths considered here (beyond roughly 3.5 pm) are mixtures of both
reflected sunlight and thermal emission from the asteroids themselves. In order to
analyze the reflectance-only spectrum, thermal models have been developed and
used to fit and remove the thermal emission, which in some cases also allows a
study of the thermal properties (for instance, Rivkin et al. 2006). Increasingly
sophisticated models have been developed for rapid rotators, unusual shapes, high
themal inertias, etc. However, most large main belt asteroids like Lutetia are well fit
by simpler models like the Standard Thermal Model (STM, Lebofsky et al. 1986)
which we use here, modified by not fixing the beaming parameter at 0.756 (see
below). The inputs to the STM are well-constrained for Lutetia, including most

physical properties and ephemeris quantities (such as phase angle, solar, and Earth

1 Qverview of the JCMT By H.E. Matthews, ]. Leech; 10 November 2004
http://docs.jach.hawaii.edu/JCMT/OVERVIEW/tel_overview/



distances), leaving only a single parameter to be fit, the beaming parameter (n). The
STM assumes a spherical, non-rotating object (or equivalently, an object with no
thermal inertia). The beaming parameter incorporates the effects of shape, rotation
rate, and thermal inertia and allows modeling the object’s temperature to fit the
data without explicitly modeling surfaces or shapes. In general, objects with higher
thermal inertia have n > 1, while n < 1 is commonly seen among large main belt
asteroids (Delbd et al. 2007). Values of n less than 1 mean that the temperature is
higher than what one might expect, often ascribed to surface roughness at the
wavelength scale, attributable to craters and surface features that preferentially
“beam” flux toward the observer compared to a perfectly smooth surface. We
assume an emissivity of 0.9 for these thermal models, as is commonly done, and
reasonable for most rocks.

The SpeX data analyzed here all are fit with 1 ~ 0.75-0.8 using a geometric
albedo of 0.22 (Tedesco et al. 1992). This is comparable to the smallest beaming
parameters seen among the main belt asteroids (Delbé et al. 2007). Using a lower
albedo (0.13) as suggested by some workers results in a relatively small change in n
to ~0.9, still within the range commonly seen among large main belt asteroids.
Reanalysis of the 1996 NSFCam photometric data suggests those data are most
consistent with 1 ~ 0.9 (using the IRAS albedo of 0.22). These values for the
beaming parameter are indirect evidence for a low thermal inertia regolith covering
Lutetia’s surface. The sub-solar point temperatures indicated for Lutetia with these
parameters are in the 260-270 K range, varying with distance from the Sun. Itis not

clear why n differs between the spectrophotometric and spectroscopic



observations. While 1 is known to vary with phase angle (Delbo et al. 2003) the

values of n we see are not correlated with the phase angle of the observations.

3. Results:

Figure 1 shows the spectra of Lutetia for each of the three SpeX observing runs.
These have been normalized to 2.3 pum and offset from one another for clarity. In
each case the spectrum shortward of 2.5 pm is quite flat, and the data longward of
the atmospheric water gap is usually below the level of the continuum at shorter
wavelengths. The band depths are rather modest in the SpeX data, only on the order
of 1-2% at ~3.1-3.2 pm in 2003 and 2007, and roughly 5% in 2008 at those same
wavelengths, as measured by reflectance below the values measured at 2.2-2.4 um.
The shallow bands in the 2003/2007 data are also punctuated by smaller-scale
structure, though we believe this is due to incomplete removal of order overlap.

The smoother 2008 spectrum is a better representation of the band shape.
Appending additional datasets (Section 4.1) and extrapolating a continuum from the
2.0-2.5 pm region through the 3-pum region results in qualitatively similar but
slightly smaller band depths (~3-5% in 2008 and ~0-1% in 2003/2007). As
mentioned above, Rivkin et al. (2000) reported a band depth of ~6 +/- 4% at 2.95
um, consistent with the 2008 observation and consistent with the 2003 and 2007
observations at the 1.5-c level. These band depths used a continuum extrapolated

from 1.65-2.4 um.

3.1 Revisiting the 1996 measurements:



The availability of newer spectroscopic data and their difference from the
spectrophotometric data led us to reconsider the 1996 observations and whether
the discrepancies reflect real variation on Lutetia’s surface or a miscalibration of the
older data. We therefore considered the data obtained on each night individually
rather than the published averages. In addition, we compared NSFCam and SpeX
measurements of other objects observed on the same nights as Lutetia, in order to

qualify the repeatability of the Lutetia observations.

The 1996 and 2008 spectra (Figure 1) are the only available spectra with the
sub-solar point in Lutetia’s southern hemisphere, with the 2008 data near polar and
the 1996 data at roughly 20 S (with the sub-Earth latitude just north of the equator:
Table 2 shows the observational aspects of the datasets.). The 30 September data
match the 2008 spectrum within observational uncertainty at all wavelengths,
although the overlap at 3.35 um is with the 2008 uncertainty rather than the 2008
data points. Conversely, the mismatch in the 29 September data is larger than the
uncertainties at 2.95 and 3.12 um, missing the 2008 data points by 2.5-3 ¢ and the
2008 uncertainty by 2-2.5 c.

It is not clear whether the differences between the 29 September and the other
data are due to variations on the surface or another cause. Two objects other than
Lutetia were observed on 29 September with NSFCam and subsequently with SpeX:
419 Aurelia and 10 Hygiea. Both objects have consistent spectra between those two
data sets, although both also have somewhat larger error bars in the 1996 data than

Lutetia (Figure 2). The CSO archive of 225 GHz t values includes 29 and 30



September 1996, with the measurements indicating precipitable water values
between 2.5 and 3.5 mm for those nights. While a direct comparison between those
PW values and the measured 1996 extinction coefficients in the 3-pum region
requires modeling that is beyond the scope of this paper, we note that 2.5-3.5 mm
PW is well within the range of values typically handled by our reduction and
analysis pipeline.

The possibility of variation on Lutetia’s surface is discussed below. We use the
pole position of Carry et al. (2010) for these discussions, with viewing aspect

provided by use of IMCCE's Miriade VO tool?.

4. Discussion:
4.1 Variation on Lutetia’s surface?

The 29 and 30 September LXD observations were taken roughly a quarter-
rotation apart, and the central longitude for the 29 September data is far from any
other spectrum taken at these wavelengths, leaving the possibility that that region
on Lutetia’s surface is spectrally different from the rest (Table 2). The 2003/2007
north polar spectra and the 2008 south polar spectrum are roughly similar to one
other, though the south pole has lower reflectance in the 3 um spectral region and a
deeper absorption band. Taken at face value, this suggests that any 3-um absorber
is more concentrated in the southern hemisphere than the northern one, but also

that spectral differences in the 2-4 um region are fairly modest.

2 http://vo.imcce.fr/webservices/miriade/
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Interestingly, however, Lazzarin et al. (2010) reported variation on the surface
of Lutetia from visible and near-IR spectra, with the observed spectral range
spanning the space from X-class to C-class objects, that is from red-sloped spectra to
flat spectra without any absorption features. Lazzarin et al. also report the northern
hemisphere of Lutetia as having a more C-like spectrum than the southern
hemisphere, which has a generally more X-like spectrum or one intermediate
between C and X. Nedelcu et al. (2007) also found variation on Lutetia’s surface
ranging from C-type to X-type near-IR spectra, with longitudinal as well as
latitudinal variation. Perna et al. (2010) saw a variation in spectral slope in the
visible-near IR region. Interestingly, these results are all at least qualitatively
consistent with earlier observations: The 52-color spectrum of Lutetia classified
Cv/M by Howell et al. (1994) is centered near the north pole, the Bus and Binzel
(2002) SMASS spectrum is more equatorial but centered south of the equator and is
firmly in the X complex rather than the C complex. The Rosetta OSIRIS
spectrophotometric observations reported by Lamy et al. (2010) were centered
within 30 degrees of the north pole and were interpreted as “completely outside
[the] C” class. However, visual inspection of the OSIRIS spectrophotometric colors
shows them to be at least qualitatively consistent with the Lazzarin et al. (2004)
spectra obtained at similar latitudes, which Lazzarin et al. described as a “good
match to the average [Bus taxonomy] C-type”. A full accounting of the variation
found on Lutetia, and how that variation is quantitatively mapped to Lutetia’s
geography, is beyond the scope of this paper. In brief summation, however, the

northern hemisphere of Lutetia appears more consistent with C-class spectra, while

11



the southern hemisphere is more like X-class spectra, and there is evidence of
eastern/western hemispheric variation in spectral slopes as well.

Most intriguingly, Lazzarin et al. reported the region of Lutetia’s most C-like
spectra in the southern hemisphere as occurring at a central longitude coinciding
with the 29 September 1996 NSFCam observations. This is consistent with the
difference between the 29 September and other 3-um spectra being due to
compositional differences. Given the LXD spectra of the northern hemisphere and
its more muted (or even absent) 3-um band, this would seem to require three
distinct materials on Lutetia’s surface: 1) An anhydrous material with a C-like
visible-near IR spectrum for the northern hemisphere, 2) a C-like material with a
relatively deeper 3-um band for the surface feature seen by Lazzarin et al. in the
southern hemisphere, and 3) an X-like material with a relatively shallower 3-pm
band in other regions of the southern hemisphere. The requirement for two
distinct types of C-type material is potentially problematic and does not obviously
lend itself to solutions that are not in some way ad hoc. We again note, however,
that the 3-um observations considered in isolation simply imply greater absorption
(and presumably hydration) in the southern hemisphere than the north. It is also
clear, given the evidence in the literature, that care is required in appending and
comparing spectra taken from different viewing aspects on Lutetia. Figure 3
compares 0.4-4 um spectra for two different regions on Lutetia’s surface, compiled
from various sources: A southern hemisphere site centered near the 2008 LXD
observations (including visible-near IR data from Perna et al. 2010 and SpeX prism-

mode data reported in DeMeo et al. 2009) and a northern hemisphere site centered
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near the 2007 LXD observations (including visible data from Lazzarin et al. 2004
and near-IR data from the 52-color survey of Bell et al. 1988), close to Lutetia’s
north pole. The full northern hemisphere spectrum is qualitatively consistent with
little or no 3-pum absorption, while the southern hemisphere spectrum is consistent
with a band depth of a few percent in the 3-pm region compared to a continuum

extrapolated from the 2.0-2.4 um region.

4.2 Constraints on the composition of Lutetia

The scarcity of diagnostic absorptions on Lutetia shortward of 2.5 um has
greatly hampered our understanding of its composition to this point. Vernazza
(2009) proposed EL6 chondrites as a possible analog for Lutetia, fitting its spectrum
to a mix of three such meteorites. However, this fit was based on overall spectral
shape (including a drop in reflectance shortward of ~0.7 um) rather than by
identifying absorption bands (which, indeed, are not present in the spectra).
Similarly, Nedelcu et al. identified carbonaceous chondrites and enstatite chondrites
as supplying the best matches to Lutetia among the meteorites, though they did not
include the albedo of Lutetia in identifying their matches. Lazzarin et al. (2009)
concluded that carbonaceous chondrites were the most plausible analogs for
Lutetia, with the presence of Lutetia’s 3-um band leading them to prefer metal-rich
CB/CH meteorites to the anhydrous CV/CO meteorites. Several workers have
identified weak absorption features near 0.43 pm, usually interpreted as evidence of

a hydrated silicate (Lazzarin et al. 2004, Prokof’eva et al. 2005, Busarev et al. 2010)
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though Lazzarin et al. (2009) noted the absorptions appear in some non-hydrated
minerals as well.

Looking longward of 2.5 pm, the NSFCam spectrophotometry is of low spectral
resolution, leaving the SpeX data as the best dataset for compositional analysis
(though of course any such analysis must be consistent with the other datasets). We
can note that Lutetia’s 3-um spectrum is unlike those seen in low albedo asteroids.
Though no formal taxonomy of 3-um asteroid data has been undertaken, Rivkin
(2010, also Rivkin et al. in preparation) qualitatively described 3-4 different band
shapes, named after their most prominent members: Ceres-type, Pallas-type, and
Themis-type, as well as “no band”. These types are shown in Figure 4. Lutetia, as
can be seen, does not have the linear (or “checkmark”) shape seen in 2 Pallas or CM
chondrites, neither does it obviously appear to have a band shape attributable to ice
frost like that of 24 Themis (Rivkin and Emery 2010, Campins et al. 2010) or like the
one on 1 Ceres that Milliken and Rivkin (2009) attributed to brucite. It is also a
different band shape than has been reported for water/OH on the lunar surface
(Pieters et al. 2009, Sunshine et al. 2009, Clark 2009). As a result, we do not think
the types of hydrated minerals found on these other objects (serpentine, tochilinite,
brucite) are present on Lutetia’s surface. There is some evidence that 3-um band
shapes similar to Lutetia’s may be found in other X-complex asteroids, but
additional analyses on those asteroids are still underway (Rivkin et al., in
preparation).

Beck et al. (2010) suggested goethite (FeO(OH)) as a possible mineral on low-

albedo asteroid surfaces as an explanation for their 3-um band shapes, and
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Fornasier et al (2010) included goethite as a component in their best-fit mixing
models for M asteroids in the 0.5-2.5 pm region. Goethite has a broad, shallow 3-pm
band, with a minimum near 3.1-3.2 um. Figure 5 shows goethite can qualitatively
match the 2008 LXD spectrum when in a linear mixture of 7% goethite 93% neutral
material. A higher amount of goethite (20%) will match the lower-resolution 29
September 1996 NSFCam spectrum. We note that this simple type of mixture does
not necessarily reflect the actual fraction of goethite present on Lutetia’s surface,
though it does qualitatively demonstrate the plausibility of its presence there.

We can increase the wavelength range under consideration by adding a prism-
mode (0.8-2.5 um) spectrum from the DeMeo et al. (2009) and a visible-wavelength
spectrum from Perna et al. (2010). These shorter-wavelength data have fairly close
matches to the 2008 LXD viewing aspect, as discussed above. The goethite plus
neutral material mixture is less adequate in the visible region: it is within ~2-3% of
Lutetia’s spectrum but contains absorptions not obviously seen on Lutetia, most
notably absorptions at ~0.9 pm and ~0.65 pm. This mismatch is the most obvious
drawback to the interpretation of goethite, and either provides a constraint on the
maximum concentration of goethite or else requires a somewhat ad hoc and
hypothetical requirement on particle size. In addition, the 0.9-um band depth in the
20% goethite mix, which matched the 29 September 1996 NSFCam data, is deeper
than can be accommodated by the existing visible-NIR spectra of Lutetia taken at a
similar sub-Earth/sub-solar location (Nedelcu et al. 2007)

If iron is available in its surface minerals (whether in silicates, goethite, or other

oxides: Zhang and Keller 2010, for instance), we might expect the creation and
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deposition of nanophase iron (npFe) via space weathering, as is seen in mature
lunar samples and whose presence is inferred in asteroidal regolith. In order to
investigate the possible effects of space weathering on a goethite composition, we
used spreadsheets created by and described in Quinn et al. (2010) to generate
optical constants for goethite. The goethite spectrum was obtained from the RELAB
website3, with Hiroi as PI. The goethite optical constants were then used to model
the spectral effects of a npFe coating following the work of Hapke (2001) and
Shkuratov et al. (1999), allowing us to forward model differing grain sizes and
amounts of npFe. While the model results are non-unique, they do serve as a
plausibility check and a means of testing possible compositions. In addition to the
linear model discussed above, figure 5 also includes the model spectrum of space
weathered goethite compared to the southern hemisphere combined spectrum of
Lutetia.

Goethite is not a common mineral in meteorites, though it can be created
through weathering of ordinary chondrite material (Lee et al. 2006). It is
conceivable that goethite could have formed via very small amounts of aqueous
alteration of an iron metal-rich surface, with only small amounts of water available.
However, given the information currently available it is difficult to treat this as more
than speculation. Similarly, it is difficult to make useful predictions of whether the
north-south difference in band depth is due to a (presumed) goethite-bearing layer
being exposed in the south after impact excavation or due to such a layer being

buried or dehydrated in the north. The anticipated geological interpretations and

3 http://www.planetary.brown.edu/relabdata/
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cratering history of Lutetia as derived from Rosetta data should help constrain these
speculations.

Troilite (FeS) has been proposed as a possible cause of 3-um features on W
asteroids (Cloutis and Burbine 1999) though Rivkin et al. (2002) discussed several
critical problems with the idea. The Pollack et al. (1994) optical constants for
troilite do not lead to any absorption centered near 3 pm, in line with the
expectations of Rivkin et al. Troilite may be present on Lutetia’s surface, but it does
not appear to be the cause of any 3-um band.

The northern hemisphere spectrum is rather free of absorption bands, and is
strikingly flat longward of ~0.6 um. The lack of strong absorptions in the 3-pm
region does not place any new constraints on previous work, and neither does it
provide any opportunity for diagnostic identification of minerals. Vernazza et al.
(2009) did not publish their spectral fits to Lutetia beyond 2.5 pm, and given the
difficulty of removing terrestrial water from anhydrous samples, it is possible the
fits to that wavelength region would be of limited use in any event. The Vernazza et
al. interpretation of Lutetia’s spectrum (technically of its northern hemisphere data)
as consistent with a mixture of enstatite chondrites is thus also consistent with our
data. It is perhaps worth noting, however, the apparent ineffectiveness of space
weathering on the spectrum of Lutetia’s northern hemisphere: Vernazza et al found
that irradiation experiments on the enstatite chondrite Eagle (EL6) did not produce
significant changes in its spectrum, and performed fits using unaltered material.

The lack of a significant 3-um band in Lutetia’s northern hemisphere, in addition

to putting limits on the amount of hydrated minerals, also suggests that OH/H>0 has
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not been created by solar wind interactions with silicates in Lutetia’s regolith since
the north-south variation is not consistent with an external cause like the solar
wind. This stands as a contrast to the interpretations of the 3-pm absorption seen in
the lunar regolith (Pieters et al. 2009, Sunshine et al. 2009, Clark 2009) and the

hypothesized formation of the OH/H20 responsible.

4.3 Expectations for Rosetta/Future Work

Lutetia’s northern hemisphere was visible during the Rosetta encounter (Carry
et al. 2010) and unfortunately the regions with the deepest 3-pm bands are likely to
be in shadow, beyond the limb, or at the very least in very unfavorable geometries
for observation. It seems likely that Rosetta-derived spectra of Lutetia will be like
the northern hemisphere compilation presented here, and like the spectra fit by
Vernazza et al.

Lutetia begins northern autumn in October 2011 and the sub-Earth and sub
solar points are in Lutetia’s southern hemisphere from then until September 2013.
While it will be fainter than its 2011 apparition, it will still be a relatively easy
telescopic target compared to many asteroids of interest. There is intriguing
evidence from multiple authors using various instruments throughout the 0.4-4 pm

region that Lutetia shows some spectral variation, which is a rarity among asteroids.

4.3 Is there a good meteorite analog to Lutetia?
The majority of publications concerned with Lutetia’s composition liken it to

either enstatite chondrites or carbonaceous chondrites. The spectral datasets
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available at this writing point in different directions depending upon the wavelength
region and whether the focus is on spectral slopes or absorptions. Non-spectral
datasets, like radar and polarimetry, also provide ambiguous results.

The existence of mixed-class meteorites like Kaidun and Almahatta Sitta could be
used to argue that Lutetia could be a similar mixture of unlike meteorite types, in
this case enstatite chondrite and carbonaceous chondrite. However, it is not
obvious how to both bring those materials together but keep them mostly-
segregated on a regional-to-hemispheric scale, as the spectral data would require.
Nor, if forced to choose between carbonaceous or enstatite chondrite, is it obvious
which meteorite type is the most apt analog for Lutetia. The CH and CB chondrites
have some of the general properties one might expect of a Lutetia-like meteorite,
but the only published spectra for CB/CH meteorites do not have 3-um band centers
like those seen on Lutetia (Osawa et al. 2005).

However, we should not consider ourselves forced to choose only between the
enstatite and carbonaceous chondrites. Lutetia is not associated with any dynamical
families, and it is not particularly close to any resonances. As a result, and with no
mitigating circumstances, Lutetia need not be considered a particularly significant
contributor to the NEO population or the meteorite collection (Morbidelli et al.
1994, Bottke, pers. comm.). Given the still-ambiguous nature of the data in hand
and the imperfect matches to what we expect, the best choice for Lutetia’s meteorite

analog may be “none of the above”.
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5. Conclusions:

Observations of 21 Lutetia in the 3-pm region are compiled and analyzed. An
absorption of variable depth is seen, consistent with a greater amount of hydrated
minerals in the southern hemisphere, with less in the northern hemisphere. These
variations are consistent with variations seen by other workers in other wavelength
regions, suggesting in the simplest case a material with a flatter spectral slope and
shallow or no 3-um absorption dominating the northern hemisphere, a material
with more appreciable spectral slope and a ~3-5% absorption over part of the
southern hemisphere (depending on choice of continuum level), and a third material
with deeper 3-um absorption but a flatter visible-near IR spectrum in one particular
area in the southern hemisphere. The distribution of surface materials presented
here may be only one of many possible explanations for the diverse datasets
available.

The scarcity of spectral features shortward of 2.5 um makes diagnostic
compositional work difficult to undertake, but the southern hemisphere absorption
in the 3-um region is at least qualitatively consistent with a contribution from a few
percent of goethite. While some interpretations favor carbonaceous chondrites as
analogs for Lutetia and others enstatite chondrites, we note that Lutetia may not

have any good analogs among the meteorites.
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Tables

Date (UT) \Y Phase Solar Dist Earth Dist Standards Integration
Mag Angle (AU) (AU) time (s)
2 Mar 2003 12.1 20.7° 2.60 2.06 L102-1081, 720
SA0 65083
31 Mar 11.7 21.9° 2.42 1.84 HD 140990, | 1800
2007 HD 153631
23 Dec2008 | 10.5 10.9° 2.46 1.55 HD 12846, 1260
Hya 64
Table 1: Observing Circumstances for SpeX data
UT Time SE SE SS SS Note 295um/ 2.4 ym | 3.12 um/2.3
Lon Lat Lon Lat um
9/29/96 9:30 227 +3.3 223 -17.8 | NSFCam | 0.88+0.03 0.87 £0.03
9/30/96 8:00 316 +3.3 312 -18.1 | NSFCam | 0.95+0.04 0.90 £0.06
3/2/03 14:18 124 +85.5 | 161 +65. Spex 1.00 £ 0.02 0.97 £0.02
9 LXD
3/31/07 358 +67.3 | 72 +85. Spex 1.02+£0.02 0.98 £0.02
14:57 2 LXD
12/23/08 120 -77.6 | 108 -67.3 | Spex 0.95+0.02 0.94 £0.02
9:26 LXD
7/10/10 --- --- --- +46. Rosetta - -
6

Table 2: Sub-Earth (SE) and sub-solar (SS) coordinates at times of observation for NSFCam and Spex data, and
for Rosetta flyby. The latitudes and longitudes presented here were obtained via IMCCE's Miriade VO tool, using
the rotational pole coordinates of Carry et al. (2010).
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Figure 1: 2-4 pm spectra for Lutetia, from NSFCam and SpeX. Spectra are normalized to 2.3 pm and offset for
clarity. The gap between ~2.5-2.8 um is due to the Earth’s atmosphere, where transmission is low enough to

hamper data collection. The sub-solar latitude and longitude for each observation is also included in the legend.
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Figure 2: NSFCam observations from 29 September 1996 (open symbols) compare favorably to later SpeX
observations (lines). While these datasets, offset for clarity, are of lower S/N than the Lutetia observations, the
agreement between them suggests the discrepancies between the 29 September 1996 Lutetia observations and
later SpeX observations are due to real differences and not observational factors.
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Figure 3: Compilations of 0.3-4 pm spectra of Lutetia from various sources shows large differences between the
northern (closed, red symbols) and southern (open black symbols) hemispheres. Furthermore, the southern

hemisphere shows absorption in the 3-um region compared to an extrapolated continuum (solid line) while the
northern hemisphere shows no obvious absorption.
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Figure 4: Lutetia’s absorption in the 3-pm region does not resemble that of other hydrated objects, shown above.
Ceres, Pallas, and Themis represent the three most common band shapes among C-complex objects, interpreted
as due to brucite and carbonates, CM-like phyllosilicates, and ice frost respectively. A dotted line is also included
to demonstrate Lutetia’s band shape relative to a flat continuum.
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Figure 4: The 2-4 pm spectrum of Lutetia (symbols) can be qualitatively matched with a mixture (red) of 7%
goethite and 93% neutral material (to decrease the band depth). However, the match is poorer outside this
wavelength region. The full 0.4-4pm spectrum of regions on Lutetia’s southern hemisphere can be qualitatively
matched by space weathered goethite (violet). More detailed models will be necessary to determine to what
extent this is consistent with spectra of other regions on Lutetia, particular the northern hemisphere areas
observed by Rosetta.
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